Molecular dynamics simulations have been used to model the flexibility of the seven-sugar oligosaccharide of the lectin from Erythrina corallodendron in three separate simulations: one of the isolated oligosaccharide in vacuo, one of the oligosaccharide in solution and one of the oligosaccharide linked to the protein in solution. Adiabatic conformational energy maps were prepared for each of the disaccharide linkages as a means of interpreting the observed dynamics and conformational averages in terms of intramolecular energy. The inclusion of aqueous solvent molecules appears to be necessary to reproduce the experimental conformational behavior, which also cannot be predicted well from conformational energy maps for the disaccharide linkages alone. The crystallographically determined conformation does not appear to be induced by the crystal dimerization, but is rather stable in solution. The build-up of fluctuations along the successive linkages of the oligosaccharide is significant and would be sufficient to prevent branch residues from being located in most crystal structure determinations. Good general agreement between the calculated solution structure and the average structure determined by NMR was found for most of the oligosaccharide linkages.
Introduction
In spite of the dramatic progress in recent years in understanding the structures and dynamics of proteins, much less is known about the flexibility and conformations of the oligosaccharide components of glycoproteins. Although the chemical sequence of these carbohydrates can usually be determined, for a variety of reasons only a handful of crystallographic structures have been reported in which the oligosaccharide is well resolved (Bode et al., 1989; Shaanan et al., 1991; Stehle et al., 1994; Casasnovas et al., 1997) . In some cases, it is necessary to cleave the oligosaccharide chemically from the glycoconjugate before the protein will crystallize. In many other cases, there is insufficient electronic density for the oligosaccharide to determine its conformation from X-ray diffraction. This situation may result from sequence heterogeneity or from flexibility in the oligosaccharide. Since so little information is available from crystallography, NMR NOE measurements have been widely used to study these oligosaccharide systems. Unfortunately, many oligosaccharide NOEs cannot be resolved or are difficult to assign, or there are too few to make a complete structure determination possible. Often these experiments have produced ambiguous results and debates about interpretation (Cumming and Carver, 1987; Homans et al., 1987c; Carver, 1991) . Usually these studies have examined the oligosaccharides in solution, separated from their protein, but recently a complete approximate structure determination from NOEs of a glycoprotein in solution has been reported (Wyss et al., 1995) .
In the absence of clear experimental information, computer simulations offer a means of exploring the behavior of these carbohydrate segments. Molecular dynamics (MD) simulations have been successfully used to model a number of carbohydrate systems in solution (Brady, 1989; Brady and Schmidt, 1993; Liu and Brady, 1996; Schmidt et al., 1996) , and are easily extendible to oligomers. Such MD simulations have been used in conjunction with several NOE studies to make structure determinations which would not otherwise have been possible (Rutherford et al., 1993 (Rutherford et al., , 1995 Rutherford and Homans, 1994) . Recently, Dwek and co-workers (Woods et al., 1994) have reported an attempt to use molecular dynamics simulations without NOE constraints to model the flexibility of the oligosaccharide component of the glycoprotein ribonuclease B, a typical glycoconjugate for which there is too little electronic density for the oligosaccharide in the otherwise well resolved crystal structure to determine its conformation. Such a situation could imply a degree of flexibility or disorder for this oligosaccharide. Because of the large size of the ribonuclease molecule, these workers attempted to model the flexibility of the oligosaccharide by performing their MD simulation of the oligosaccharide alone in solution, without the protein, a situation which has been previously modeled and characterized using NMR (Rutherford et al., 1993) . The configurations which arose during the simulation were then superimposed on the protein crystal structure by assuming that the GlcNAcβ(1→4)GlcNAc core residues are relatively stable and will have the same conformation as observed from well resolved crystal structures or NMR. It would clearly be desirable, however, to examine the interplay of flexibility between the protein and oligosaccharide in MD simulations in which both components were free to move. We report here a series of such simulations of the glycoprotein EcorL from Erythrina corallodendron.
EcorL is a legume C-type lectin (Lis et al., 1985) homologous to concanavalin A (Con A) (Becker et al., 1975) which specifically binds to galactose and oligosaccharides containing this sugar. The crystal structure of this protein has been reported refined to 2.0 Å resolution with an R value of 0.19 (Shaanan et al., 1991) . The protein binds both an Mn 2ϩ and a Ca 2ϩ ion which are required for activity. Unlike Con A, however, each monomer also has an N-linked branched heptasaccharide (Figure 1 ) bound to Asn17 (Figure 2 ). The core of this oligosaccharide is a branched pentasaccharide, Manα(1→6) ]Manβ(1→4)GlcNAcβ(1→4)GlcNAc, common to many glycoproteins (Rutherford and Homans, 1994; Stubbs et al., 1996) , including the ribonuclease B glycoconjugate simulated by Dwek and co-workers (Woods et al., 1994) . [In the discussion which follows, the mannose linked to the GlcNAc residue will be referred to as mannose 1, the mannose linked (1→3) to this residue will be called mannose 2 and the (1→6)-linked sugar will be referred to as mannose 3.] The conformation of this oligosaccharide has been characterized in solution using NMR (Homans et al., 1987a-c) ; in addition, the conformation of the very similar bromelain hexasaccharide, which lacks only the α(1→3)-linked mannose, has also been determined from experiment (Bouwstra et al., 1990) . Recently, a molecular dynamics simulation of this EcorL oligosaccharide in vacuum, without the protein, using the CVFF force field has been reported by Qasba et al. (1994) , and will be used for comparison with the present simulation results.
In this lectin the oligosaccharide is on the opposite side of the protein from the ligand binding site, and therefore appears to have no direct role in the binding function. In the crystal structure the protein is a dimer, but the presence of the oligosaccharide apparently forces the dimer into a quaternary structure different from that seen in Con A, with the heptasaccharides located in the interfacial region in a complementary 'handshake' arrangement (Shaanan et al., 1991) . The complete heptasaccharide is well resolved in the crystal structure, perhaps as a result of the constraints imposed by the dimeric interface. It is therefore possible that the oligosaccharide might have a different conformation in solution, or that it might exhibit considerably more flexibility when freed from the dimeric 1250 constraints; indeed, several of the linkage conformations determined in the crystal structure differ from those reported from the NMR study of the free bromelain oligosaccharide in solution. It is equally possible, however, that the conformation is not imposed by the crystal environment, since there are several potentially stabilizing hydrogen bonds between the sugar residues and the protein. In order to explore the conformational flexibility of this oligosaccharide bound to the protein, we have conducted MD simulations of the glycoconjugate system in water, and also of the oligosaccharide alone in vacuum and in solution. In addition, we report the calculation of adiabatic energy maps for each of the disaccharide linkages found in this molecule in order to provide a mechanical context for the interpretation of the trajectories and also of the crystal and NMR structures.
Methods
In the studies reported here, three types of molecular dynamics simulations were performed: an MD simulation was conducted of the isolated oligosaccharide in vacuum, separated from the glycoprotein, of the same oligosaccharide in an aqueous solution and of the oligosaccharide, protein and surrounding water molecules together. The first of these simulations parallels one performed by Qasba et al. (1994) , but the last two situations have not previously been simulated. A vacuum simulation for each of the five two-bond glycosidic linkages as isolated disaccharide molecules was also conducted. The starting coordinates for the protein and oligosaccharide were taken from the 2.0 Å resolution crystal structure (Shaanan et al., 1991) obtained from the Brookhaven Protein Data Bank. The coordinates for one molecule of the dimer pair, along with the crystallographically located water molecules, were relaxed using constrained energy minimization to reduce any artifacts which might result from possible crystallographic errors or the effects of applying the artificial force field and the removal of the crystal environment. Harmonic constraints were applied to the crystallographic positions of the protein backbone atoms to prevent the structure from shifting too far from the crystal structure during the vacuum minimization. The sugar rings of the 'core' are apparently under some stress, since in vacuum two of them exhibited a tendency to change conformations to a twist-boat (see below). In preliminary vacuum minimizations, the highly branched mannose ring in the core stem of the oligosaccharide 'flipped' to a twist-boat; to prevent this from happening during the minimization the sugar rings were constrained to remain in their initial 4 C 1 conformations ( 1 C 4 in the case of the L-fucose ring). Four steps of steepest descent minimization were followed by 300 steps of conjugate gradient minimization. Because the goal of the minimization was simply to relax artificial stresses, it was not pursued to convergence; the minimization resulted in a starting structure with an r.m.s. gradient of 2.53 kcal/mol.Å and which had an r.m.s. difference from the crystal structure of 0.28 Å.
EcorL is a relatively large protein, and it would be prohibitively costly in terms of computer time to simulate the entire protein completely surrounded with many layers of solvent molecules. Since much of the protein, on the ligand-binding site of the molecule, is distant from the oligosaccharide, and probably has little influence on the dynamics of the oligosaccharide itself, the system was modeled using a stochastic boundary approach (Brooks et al., 1985 (Brooks et al., , 1988 , in which a previously equilibrated spherical droplet of pure water, with a radius of 18 Å, was placed around the oligosaccharide, with the center of the sphere located at the center of mass of the oligosaccharide. Those water molecules whose oxygen atoms overlapped with any of the heavy atoms of the protein or oligosaccharide were removed, and all water molecules were constrained to remain in the sphere through the use of a constraining force which rises steeply beyond 18 Å. All protein atoms beyond this 18 Å radius were kept rigidly fixed but were retained as a static reaction field for the dynamic region. The motions of protein and solvent atoms between 14 and 18 Å were governed by Langevin equations of motion while those atoms in the center of the sphere were governed by Newtonian equations of motion. The simulations of the oligosaccharide alone in aqueous solution were set up in a similar manner, by placing the center of mass of the oligosaccharide at the center of the water sphere and removing the overlapping water molecules. All MD simulations were performed using the program CHARMM (Brooks et al., 1983) . The water molecules were modeled using the TIP3P energy function (Jorgensen et al., 1983) and protein atom interactions were calculated using the CHARMM22 force field (MacKerell et al., 1992; A.D.MacKerell and M.Karplus, in preparation) . The carbohydrate atoms were simulated using a CHARMM-like carbohydrate force field (Ha et al., 1988a) . Although this force field has known limitations (Kouwijzer et al., 1993) , it has been demonstrated to reproduce a variety of experimental properties well, such as monosaccharide vibrational frequencies, ring geometries, puckers and conformational and anomeric energies in solution (Brady, 1989; Liu and Brady, 1996; Schmidt et al., 1996) , and also disaccharide conformations (Ueda and Brady, 1996; Liu et al., 1997) , NMR coupling constants, NOESY volumes, rotational tumbling times, translational diffusion coefficients and radii of gyration (Engelsen et al., 1995) . The lengths of chemical bonds involving hydrogen atoms were kept fixed and the rigidity of the water molecules was maintained using the constraint algorithm SHAKE (van Gunsteren and Berendsen, 1977) , and long-range interactions were made to go smoothly to zero between 12 and 13 Å using the CHARMM switching functions applied on a group-by-group basis . The dielectric constant in all these simulations was 1.0.
The atomic equations of motion were integrated using a Verlet algorithm (Verlet, 1967 ) with a step size of 1 fs. In all three systems the initial velocities were assigned from a Boltzmann distribution at 100 K, and were heated from 100 to 300 K over the course of 10 ps through periodic reassignments of the atomic velocities at higher temperatures. For the vacuum and solution simulations this heating sequence was followed by an additional 5 ps of equilibration dynamics not used in subsequent analysis of mean structural features, and in the full glycoconjugate simulation this equilibration period was 10 ps. This equilibration sequence was followed in each case by an additional 300 ps of dynamics used for data collection, during which the velocities were not further modified. During these sequences the system temperatures were maintained near the specified temperature by the thermal bath of the Langevin buffer regions. The vacuum simulation required 2 h of CPU time and the two larger simulations each required~30 CPU days on a DEC Alpha computer.
To assist in interpreting the conformational dynamics of the oligosaccharide observed in the simulations, relaxed or adiabatic Ramachandran-like conformational energy maps (Brady, 1990) were calculated for each of the disaccharide linkages found in the EcorL carbohydrate using the same energy functions. The conformational energy of a disaccharide depends upon the orientations of all of the hydroxyl groups in both sugar rings; in general, each hydroxyl has three low-energy, staggered conformations, and there are a very large number of combinations of these rotamers, each representing a distinct conformational sub-state with a unique energy. In principle, an adiabatic energy map for a disaccharide could be prepared by rotating the dimer about φ and ψ to points evenly spaced on a regular grid in (φ,ψ) space, constraining the glycosidic linkage to remain at these angles, and then minimizing the energy with respect to the other degrees of freedom. However, because of the multiple minimum problem (Scheraga, 1983) , which could prevent a minimization beginning from an arbitrary starting geometry from finding the lowest energy structure, it would be necessary to minimize each of the possible combinations of staggered hydroxyl group orientations for every point on the (φ,ψ) grid in order to be sure of identifying the lowest energy structure possible for each (φ,ψ) point. In some cases, such as that of maltose and cellobiose, the all-equatorial hydroxyl groups allow a simplifying approximation, since in vacuum all geometries except those in which every hydroxyl group is hydrogen bonded to its neighbor would be expected to be higher in energy and could be ignored (Ha et al., 1988b) . The axial C2 group of mannose and the irregularity of the GlcNAc C2 group prevent such a simplification in the present cases, so an alternative procedure for calculating adiabatic energy maps was developed.
In the present studies, approximate adiabatic energy maps were calculated using a simulated annealing approach. A first approximation to the energy map for each linkage was prepared by simply rigidly rotating the disaccharides to grid points in (φ,ψ) space and minimizing. This step was followed by long segments of high-temperature molecular dynamics used to search for lower energy conformational sub-states for each (φ,ψ) point. The lowest energy yet found for any (φ,ψ) point was saved during the simulated annealing, and the potential energy of each molecule was monitored during the trajectories; any time this instantaneous potential energy was lower than the saved energy for that point, it was further minimized and used to replace the stored energy. As a test, the adiabatic energy map for the GlcNAcβ(1→4)GlcNAc disaccharide linkage was prepared by both exhaustive minimization starting from every possible combination of hydroxyl and primary alcohol conformational substates, and by the simulated annealing. The simulated annealing map was found to be nearly identical with the exhaustive search map, but required only a fraction of the computer time to prepare. In all cases in this paper, for a (1→X) linkage, the torsional angle φ is defined as H1-C1-O1-CXЈ. For cases where X ϭ 2, 3 or 4, ψ is defined as C1-O1-CXЈ-HXЈ. Although this is the standard definition, other definitions have been used in previous studies (Homans et al., 1987a,c) . For the (1→6) linkage, ψ is defined as C1-O1-C6-C5 and ω is defined as O6-C6-C5-H5.
Three of the disaccharide linkages, GlcNAcβ(1→4)GlcNAc, Manβ(1→4)GlcNAc and Manα(1→3)Man, have had conformational energy maps prepared previously using a different force 1253 field and the 'rigid residue' approach . In this type of calculation, the disaccharide is rotated rigidly about the glycosidic linkage bonds to grid points on the (φ,ψ) map and the energy evaluated without using minimization to relax any strains which might exist in the molecular structure in that conformation. Maps prepared in this fashion often differ significantly from adiabatic energy maps, particularly in the details of the low-energy regions, such as the number and location of minima and their relative ordering. One of these three linkages, the Manα(1→3)Man disaccharide, was also mapped by Imberty et al. (1990) using a 'relaxed residue' 1254 approach, which used energy minimization to relax conformational stress, but did not attempt to minimize alternative arrangements for the hydroxyl and primary alcohol groups, and thus might not map the lowest possible energy for each grid point. However, this method is more likely to produce results similar to those found using the present procedures. Figure 3 presents the adiabatic energy maps calculated for the five different two-bond glycosidic linkages between rings found in the EcorL oligosaccharide. Because of the additional flexibility (and the additional independent coordinate associated with the extra degree of freedom) of the (1→6)-linkage, no attempt was made to prepare a two-dimensional map for this linkage. As has been seen before, these maps fall into two general types, determined more by the stereochemistry of the linkages than by the identity of the atoms which are connected. The broad outlines of such maps are often determined by their van der Waals repulsions (Brady, 1990) . The three β-linkages, GlcNAcβ(1→4)GlcNAc, Manβ(1→4)GlcNAc and Xylβ(1→2)Man (Figure 3a , b and e), all involve an equatorial-equatorial linkage, and hence are somewhat more extended, and more flexible as a result of fewer possible clashes between rings. These three maps therefore share some qualitative features with the cellobiose map (Schmidtet al., 1993; Taylor et al., 1995) , which could be considered to be a prototype for this type of linkage. The Manα(1→3)Man and the Fucα(1→3)GlcNAc linkages are both of the axial-equatorial type, as in maltose, and both of these maps exhibit some qualitative similarities to the conformational energy map for that molecule (Ha et al., 1988a) , even though it involves an α(1→4) linkage. Table I summarizes the principal features of each of these energy surfaces. All exhibit multiple low-energy minima, sometimes separated by low barriers, and in other cases by barriers sufficiently high as to make transitions unlikely at room temperature.
Results and discussion
The three equatorial-equatorial β-linkages all exhibit important minima around (180°,0°), as does the cellobiose map using this force field . For two of these linkages, this well contains the global minimum for that disaccharide. In each of these cases, the low energy of these geometries is due to intramolecular hydrogen bonds between hydroxyl groups on the different rings. Although this hydrogen bond is geometrically plausible in vacuum, when there are no alternative hydrogen bond partners there is little experimental evidence for such a conformation in the well studied cellobiose case. The configurational entropy of this conformation would also be lower than would otherwise be expected for this generally flexible disaccharide. These considerations suggest that this conformation is not important in condensed phases such as solutions and polymer fibers. It is likely that similar factors apply for the three linkages studied here, and that the minima in the central region of the maps are the most important in the conformational equilibria, even in cases where they do not include the global minimum.
The Manα(1→3)Man disaccharide has been the subject of considerable debate concerning the degree of flexibility in this linkage, and conformational energy maps have previously been prepared for this molecule using other potential energy functions (Homans et al., 1987a-c; Imberty et al., 1989 Imberty et al., , 1990 Carver et al., 1990) . The map calculated here shares the qualitative features of these previous maps, in that it has three minima in the central portion of the map, located at approximately the same positions (Table I ). The relatively low barriers separating these wells imply the possibility of considerable flexibility, although several of the other disaccharides should be even more Homans et al. (1987a) ; note that these authors use a different dihedral angle definition for φ from that employed here and by Bouwstra et al. (1990) . An approximate phase shift of 120°was used here to convert these values to a consistent format.
flexible based on their barriers. The relaxed map of Imberty et al. (1990) shares the greatest similarity with the present adiabatic map since the relatively elaborate procedures used in its preparation most closely resemble the methods used here. Comparable close similarity of maps prepared using these two methods and force fields was also observed for the maltose case (Ha et al., 1988b; Tran et al., 1989) . The rigid-rotation maps of Imberty et al. for the GlcNAcβ(1→4)GlcNAc and Manβ(1→4)GlcNAc disaccharides differ much more substantially from the present maps; these differences probably arise from the rigid-residue approximation in the former study, given the close similarity of the relaxed maps prepared for the maltose and Manα(1→3)Man molecules using these two force fields. For each of the five model disaccharides, 500 ps of dynamics in vacuum at 300 K were calculated (as separate molecules). Each of these disaccharide trajectories was started in the well which corresponded most closely with the crystal structure of the molecule, and thus was not in all cases in the global minimum. Figure 4 displays the superposition of these trajectories upon the conformational energy maps to illustrate how such isolated molecules will fully explore the low-energy regions of the energy surface where they begin, but avoid higher energy regions. These trajectories give some indication of the infrequency of transitions between low-energy regions; a number of such transitions can be seen in these maps, but both the GlcNAcβ(1→4)GlcNAc and Manα(1→3)Man maps contain alternative low-energy minima nearby in conformational space which are not visited by the molecules during the simulations. These maps can be used to interpret the dynamics of each linkage in the oligosaccharide observed in the simulations, since shifts away from these low-energy regions could be assumed to result from environmental influences, arising from interactions with either other residues of the oligomer, the solvent or the adjacent protein. These vacuum disaccharide trajectories correspond to those reported by Qasba et al. (1994) , and for the most part the dynamic behavior is similar. Although those authors did not report Ramachandran energy maps for these disaccharides calculated using their force field, those differences that are observed between the two sets of simulations probably 1255 arise from differences in the underlying energy surfaces in the studies.
In the MD simulations of the full oligosaccharide bound to the protein in water, the carbohydrate was found to be somewhat flexible, as the result of local conformational fluctuations, but no major conformational transitions occurred (Naidoo and Brady, 1997) . Table II lists the mean values for the glycosidic torsion angles for each linkage and their r.m.s. fluctuations as calculated from the simulations. Figure 5 displays the r.m.s. deviation of the oligosaccharide atoms from the starting geometry as a function of time. The laboratory-frame motions of this oligosaccharide can arise from both the inherent internal flexibility of the carbohydrate moiety and also from the motions of the protein to which it is attached. In order to separate these two effects, for each frame of the dynamics, before the r.m.s. deviation was calculated the oligosaccharide was rigidly rotated so as to achieve the best least-squares overlap of the ring atoms of the first GlcNAc ring with its initial position. The deviations exhibited in Figure 5 are thus an indication of the internal flexibility of the oligomer. In contrast to the two solution trajectories, in the vacuum trajectory of the oligosaccharide, the second GlcNAc ring made a transition from the 4 C 1 chair conformation to almost a twist-boat conformation at around 250 ps into the simulation, producing an approximately 5 Å r.m.s. overall shift from the starting geometry. Although the ring returned to the 4 C 1 conformation by the end of the 500 ps of simulation, this transition affected the values of the linkage angles reported for the vacuum trajectory in Table II . It is unlikely that this transition has any physical significance, since no such transition tendencies were observed in either of the condensed-phase simulations; for the oligosaccharide in water and bound to the protein, the r.m.s. drift was only~3 Å after 300 ps. Since none of the solution simulations underwent any changes in ring conformations for any of the sugars, it seems probable that the repuckering of the GlcNAc ring observed in the vacuum trajectory resulted from the artificial vacuum conditions, where the need to form internal hydrogen bonds, in the absence of solvent or protein partners, can distort ring geometries. This tendency to make internal hydrogen bonds probably also explains the mannose ring 'flip' observed in the preliminary vacuum minimization described above. It has been shown, both in MM calculations using different force fields (MM3 and the present energy function) and in ab initio calculations, that ring conformations other than 4 C 1 can be favored under artificial vacuum conditions by such otherwise unfavored hydrogen bonds (Barrows et al., 1995; Liu and Brady, 1996) , which do not form in solution (see below).
As noted above, the Manβ(1→4)GlcNAcβ(1→r)GlcNAc trisaccharide core of this oligomer is common to many glycoproteins, including the ribonuclease B complex previously modeled by Dwek and co-workers (Woods et al., 1994) . The fact that the GlcNAc dimer can be resolved in some crystal structures of such glycoconjugates, along with NMR evidence, suggests that this linkage has a relatively stable and well defined conformation in such environments, an assumption which was exploited in the previous MD simulation (Woods et al., 1994) . The adiabatic energy maps for these two linkages each possess several low-energy minima of comparable energies (Figure 3 , Table I ), but the barriers between them are not negligible. This core trisaccharide was indeed found to be relatively rigid in its glycosidic conformations in the present solution simulations. Figure 6 displays the trajectories of the GlcNAcβ(1→4)GlcNAc linkage of the oligosaccharide for the vacuum, solution and glycoconjugate simulations, superimposed on the adiabatic energy map for the disaccharide. While there is very little difference in the behavior of this linkage between these three simulations, all are qualitatively different from the behavior of the isolated disaccharide in vacuum (Figure 4) . In each of the oligosaccharide simulations, the trajectory is shifted away from the central minimum at (18°,-38°) (Table I ) to a higher energy region around (50°,15°), which is the conformation observed in the crystal and NMR structures, indicating that this shift results from intramolecular interactions within the oligosaccharide and not from solvation or interactions with the protein. Figure 7 similarly displays the projections of the Manβ(1→4)GlcNAc trajectories on to the adiabatic map for that linkage. The experimental solution conformation of (60°,0°) generally corresponds to one of the local minima (number 5) on the adiabatic energy surface for this linkage (Figure 3b) , although a higher energy one, while the crystal structure is shifted to (41°,-37° ), in the region between this minimum and the small local minimum at (40°,-80°) (minimum number 4). Interestingly, this is also the average conformation found in the MD simulation of the glycoprotein. In the dynamics simulations, there is progressively less flexibility displayed in this linkage on going from the oligosaccharide in vacuum to the solution case and then to the glycoconjugate environment. The vacuum trajectory makes a transition from minimum 5 to minimum 4 and then to minimum 3, exploring a range of over 180°in its fluctuations in ψ, whereas for the oligosaccharide in solution this linkage samples only a narrow ψ range but samples a large range of φ angles and visits the secondary minimum 2. The linkage in the glycoconjugate case is the most constrained of all, sampling only a narrow region between minima 3 and 4. None of these trajectories seems to follow closely the adiabatic disaccharide map, again suggesting important influences from the other sugars of the oligosaccharide, but the differences between the cases for this linkage further suggest that solvation and the protein may also be affecting its behavior. For the glycoconjugate case in particular, little flexibility was seen in either linkage of the core trisaccharide, which experienced only local fluctuations, confirming the expectation of relative rigidity. However, because these three residues are at the base of the oligosaccharide stem, the combinations of their local conformational fluctuations collectively cause the oligosaccharide to sweep out a relatively large region of space adjacent to the protein (Naidoo and Brady, 1997) , as in the ribonuclease case (Woods et al., 1994) . The fact that the calculated mean geometry for the Manβ(1→4)GlcNAc linkage is the crystal one, but not the solution one determined by NMR or a local minimum on the energy surface, suggests that it might somehow be affected by the presence of the protein. Figure 8 displays similar projections of the Manα(1→3)Man trajectories on to the corresponding adiabatic energy map. It has previously been suggested that this linkage is flexible (Carver et al., 1990) , and that NOE data for this disaccharide linkage might represent a virtual conformation resulting from averaging over an equilibrium between two or more conformations. As noted above, the conformational energy map contains several local minima, consistent with maps previously calculated using alternative energy functions, and an NMR study of this linkage in several oligosaccharides related to the one studied here found this linkage in at least two different conformations (Homans et al., 1987a) . From Figure 8 it can be seen that in all three cases more than one conformation is sampled during the simulations. In both the vacuum and oligosaccharide simulations, the molecule divides its time between minima 1, 2 and 3, whereas in the solution simulation it also visits minimum 4, in addition to spending considerable time in regions which are not minima on the vacuum energy surface. For this trajectory, the average structure summarized by ϽφϾ and ϽψϾ in Table  II is clearly a virtual conformation, with the transitions between conformations occurring on the same time-scale as overall tumbling (i.e. tens of picoseconds) (Carver, 1991) . It is interesting that this averaged virtual structure is very similar to that reported from NMR for the solution case (Homans et al., 1987a) . The trajectory for this linkage reported by Qasba et al. (1994) Bouwstra et al. (1990) . a The presence of bonds was evaluated using a donor-acceptor (heavy atom) distance of 3.5 Å, regardless of the donor-proton-acceptor angle.
for their simulation of the oligosaccharide in vacuum differs significantly from the correspondiong trajectory in the present study, but is very similar to our simulation of the oligosaccharide in aqueous solution; the reason for this behavior is not clear. It is possible that their force field has some character of a solvent mean field incorporated into its parameters, so that it represents experimental behavior better in the absence of explicitly included solvent. If so, these effects might be overemphasized if explicit water molecules were included in such simulations. Figure 9 displays the trajectories of the L-fucose linkage projected on to the Fucα(1→3)GlcNAc adiabatic energy map and Figure 10 presents the trajectories for the Xylβ(1→2)Man linkage. As can be seen, the fucose residue made no major conformational transitions in any of the simulations. In all three cases, the linkage conformation is shifted toward a very shallow local higher energy minimum around (70°,50°), and does not explore the central portion of the map as does the isolated disaccharide molecule in vacuum simulations (Figure 4) , indicating that its conformational freedom is constrained by oligosaccharide interactions. In the separated oligosaccharide in vacuum and in solution, the linkage explores a somewhat wider, crescent-shaped range of geometries than is sampled when bound to the protein, where the fluctuations are restricted in both φ and ψ. Interestingly, this restricted motion lasted throughout the simulation, even though the only direct hydrogen bond between the fucose ring and the protein broke after the first 30 ps of 1259 the simulation. The situation appears to be similar for the Xylβ(1→2)Man linkage, which also explores only a portion of the central low-energy region traversed by the isolated disaccharide molecule in vacuo. As in the case of the fucose branch, this linkage is most constrained in the glycoconjugate simulation.
In general, (1→6) linkages are considered to be more flexible than other glycosidic linkages owing to the additional torsional degree of freedom. For this reason, it is perhaps not surprising that several transitions were observed in the ψ and ω torsional angles for this linkage in both the vacuum and solution trajectories. It is perhaps more interesting that in all three simulations, the φ angle remained close to the values observed in the crystal and solution experiments and made no transitions. It is also interesting that in the glycoprotein simulation, the ψ torsion had an average value intermediate between those observed in the crystal and solution experiments, with an abnormally large r.m.s. fluctuation which would carry it between those two positions. This linkage was in general less flexible in our simulations than in the vacuum trajectory of Qasba et al. (1994) .
The NOE experiments on this and related oligosaccharides produce estimates of the distances between various protons on different rings of the oligomer, which can be used to determine the glycosidic conformation if enough such constraints are measured. Table III lists the average interproton distances calculated from the present simulations for those hydrogen pairs reported from the NMR experiments on related molecules (Homans et al., 1987a; Bouwstra et al., 1990) . For the most part the calculated distances are very close to the experimental values; only those distances involving exocyclic primary alcohol protons deviate significantly. These discrepancies could be the result of a non-physical distribution of conformations for these groups, since the potential energy function used here is known to give incorrect relative energies for these states. (At least one of the distances reported for the vacuum simulation is large because of the ring 'flip' of the GlcNAc2 discussed above.)
The conformations of the oligosaccharides in the simulations are stabilized by several hydrogen bonds. These include hydrogen bonds between different monomer rings of the glycan and also bonds between the oligosaccharide and the protein. Table  IV lists the hydrogen bonds between different sugar rings of the glycan for the vacuum simulation of the oligosaccharide and for the simulation of the glycoprotein in aqueous solution. Note that in the case of the full hydrated glycoconjugate simulation, the hydrogen bonding of the crystal structure is basically preserved throughout the simulation, with bonds occasionally breaking and reforming, and with the bond between the O3 hydroxyl group of the second GlcNAc residue and the (1→6)-linked mannose residue shifting slightly from the linkage oxygen to the adjacent O2 hydroxyl group as that flexible terminal sugar moves about. The contrasting large change in the hydrogen bonding pattern of the vacuum simulation is an indication of the more significant conformational changes in vacuum, as the oligosaccharide attempts to form intramolecular hydrogen bonds. As observed above, these internal hydrogen bonds are probably not physically realistic and can lead to unlikely conformational structures such as distorted rings. In the solution simulations, most hydroxyl groups are hydrogen bonded to water molecules. These results underscore the importance of including solvation effects in carbohydrate simulations.
In the glycoconjugate case, hydrogen bonds between the oligosaccharide and the protein may serve to limit further the conformational fluctuations of the core sugars. Throughout the entire simulation such a hydrogen bond existed between the O6 hydroxyl group of the first GlcNAc residue and the Asp16 residue of the protein; this interaction is presumably stronger than ordinary hydrogen bonds owing to the charge of the acid group. In addition, the acetyl group of this same GlcNAc residue intermittently hydrogen bonds with Lys55 and Asn17 throughout the simulation. During the first 30 ps of the simulation, the O2 hydroxyl group of the fucose ring made a hydrogen bond to Lys55 which subsequently exchanged with solvent and did not reform. No other persistent hydrogen bonds were observed between the oligosaccharide and protein residues.
Conclusions
In the simulations reported here, the EcorL oligosaccharide was found to exhibit some conformational flexibility, but for the most part this oligomer had a relatively stable structure. The oligosaccharide bound to the protein had an average conformation which was very similar to that observed in the crystal structure. The central trisaccharide core in particular was less flexible than is possible for the corresponding isolated disaccharide molecule, given the number of minima in the disaccharide linkage energy map. The majority of the observed conformational transitions ocurred for the branch linkage Manα(1→3)Man, and the largest deviations between the calcu-lated glycoprotein structure and the crystal structure occur in this linkage, which seems to behave more like that in the free oligosaccharide in solution, which is itself very similar to the experimental behavior for the free oligosaccharide in solution.
In general, the crystal structure of the glycoconjugate in the MD simulation persisted even after hydrogen bonds which presumably stabilize it had broken. For the most part, in the simulations the glycoconjugate conformation is close to that observed for the oligosaccharide in solution and in vacuum. These results seem to suggest that the crystallographic structure is not induced by packing requirements or interactions with crystal neighbors, but is relatively stable in solution. The oligosaccharide conformation is significantly constrained in all of the simulations compared with the range of structures sampled by the same glycosidic linkages in isolated disaccharide molecules, indicating that the lack of conformational flexibility is the result of constraints imposed by the oligosaccharide structure. Perhaps not surprisingly, the vacuum simulation deviated most from the experimental results, demonstrating the importance of including solvation in molecular mechanical modeling.
Although costly in terms of computer time, the simulations reported here, only a few hundred picoseconds in length, are far shorter than needed to achieve thermodynamic convergence, where sufficient conformational transitions have taken place to ensure that all thermally accessible states occur with probabilities governed by their Boltzmann factors. Since the simulations began with the crystal structure, it cannot be ruled out that other more stable conformations exist which the relatively short simulations did not visit owing to there being insufficient time to cross intervening barriers. This seems unlikely, however, since some transitions were observed, and since there are conformational shifts observed apparently as a result of environmental influences. For the most part, the conformational fluctuations of the oligosaccharide in the glycoprotein were smaller than observed in the isolated oligosaccharide in vacuum or solution, but in many of these cases it is not clear exactly how the protein is constraining the carbohydrate. However, this does suggest that simulating the dynamics of the carbohydrate separately from the protein (Woods et al., 1994) may overemphasize the flexibility of the oligosaccharide.
